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SUMMARY 


The  key  steps  and  the  variables  in  the  Fluorescent  Penetrant  Inspection  (FI’ll  process 
were  investigated  to  develop  improvements  and  enhancements  of  inspection  capability  at 
engine  maintenance  facilities.  This  investigation  developed  and  optimized  surface  preparation 
procedures,  and  other  FPI  process  variables.  Using  these  procedures,  improved  inspection 
capability  was  demonstrated  at  the  end  of  the  program.  The  baseline  was  defined  as  FPI  using 
state-of-the-art  surface  preparation  and  inspection  procedures  being  currently  used  for  typical 
Ti-6AI-4V  and  Inconel  718  rotating  components  in  engine  overhaul  facilities  of  the  USAF. 
Twenty  AFWA1, -furnished  low-cycle  fatigue  (UC'Fl  crack  specimens  of  Ti-tiAI-lY  and  Inconel 
718  were  used  as  crack  standards  for  various  tasks  of  the  program.  This  program  was  divided 
into  two  phases.  Phase  1  provided  for  the  definition,  evaluation,  and  optimization  of  surface 
preparation  procedures  for  FPI  of  Ti-6AI4Y  and  Inconel  718.  This  phase  included  an 
investigation  of  the  effects  of  surface  preparation  procedures  on  subsequent  FPI  capability  as 
well  as  initial  assessments  of  the  effects  of  these  procedures  on  the  structural  integrity  of 
engine  components,  resulting  in  the  following  important  observations: 

1.  Surface  preparation  procedures  vary  greatly  between  different  overhaul 
facilities. 

2.  Aircraft  engine  operating  environment  causes  significant  reduction  in 
capability  of  overhaul  FPI. 

Some  current  surface  preparation  procedures  of  engine  component  prior 
to  FPI  in  an  overhaul  facility  are  inadequate  and  can  degrade  mi  "haul 
FPI  capability. 

4.  Some  current  chemical  cleaning  procedures  cause  selective  etching  ol 
engine  components  and  may  adversely  affect  structural  integrity  ol  these 
components. 

Suitable  chem-milling  processes  have  been  developed  for  Inconel  718  and 
Ti-6AI-4V  alloys.  Limited  testing  results  indicate  no  degradation  in 
mechanical  properties  due  to  the  use  of  these  etches. 

ti.  Surface  preparation  procedures  should  he  investigated  in  detail  for  their 
effects  on  mechanical  properties. 

Phase  II  provided  for  evaluation  and  optimization  of  FPI  process  variables  other  than 
surface  preparation  procedures.  Penetrant  dwell  time,  emulsifier  (Hydrophilic)  concentration, 
emulsification  time,  type  of  developer,  etc.,  were  chosen  as  significant  process  variables, 
resulting  in  the  following  important  observations. 

1.  Penetrant  dwell  time  of  It)  min  for  Group  VI  MU,-I-2f>lHr>C  (Magnaflux 
ZL-:t.r>)  provided  optimum  sensitivity. 

2.  A  TP.  concentration  of  Group  VI  MIl.-l  ^oKidG  (Magnaflux  ZR-10) 
emulsifier  with  2  min  emulsification  dwell  provided  optimum  conditions 
for  excess  penetrant  removal. 

2.  Wet  soluble  developer  provided  much  better  sensitivity  and  reliability 
compared  to  a  drv  developer. 

4.  Stress-enhanced  FPI  resulted  in  much  higher  sensitivity  and  reliability 
compared  to  standard  FPI. 

Note:  These  observations  werp  made  for  detect  ion  of  small  fatigue  cracks  initiated  in  sunnith.  Hat  specimens 
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SECTION  I 


INTRODUCTION  AND  BACKGROUND 


Improved  fluorescent  penetrant  inspection  iFI’ll  is  of  major  eoneern  to  the  l  nit ed  States 
Air  Force,  especially  tor  advanced  high-performance  aeropropulsion  systems  which  utilize 
materials  to  their  ultimate  capacity.  Improved  Fl’l  capability  will  rtsult  in  greater  assurance  of 
safety  anil  improve  performance  of  aircraft  engine  components.  The  life  cycle  cost  of  these 
components  has  been  gradually  escalating  due  to  the  use  of  advanced  materials  and  processing 
techniipies.  design  complexities,  and  material  and  energy  shortages.  Therefore,  there  is  an 
ever  increasing  need  to  utilize  these  components  to  the  full  extent  of  their  safe  life.  The 
success  of  the  retirement  for-cause  philosophy  for  engine  components  is  intimately  tied  to 
improved  nondestructive  inspection  (NDD  techniques  at  the  maintenance/overhaul  facilities. 
It  is  generally  believed  that  higher  sensitivity  and  reliability  of  penetrant  inspection  in  the 
engine  overhaul  environment  is  a  must  to  meet  the  goals  of  retirement  for  cause. 

The  Fl’l  is  the  most  widely  used  inspection  technique,  and  perhaps  the  only  technique 
used  for  some  critical  component  inspections.  The  apparent  simplicity,  low  cost,  and  inherent 
Iv  high  sensitivity  are  the  main  advantages  of  this  inspection  technique.  Hut  the  apparent 
simplicity  of  Fl’l  is  deceptive  and  generates  ;>  false  confidence  of  infallibility  and  tendency  to 
overlook  some  of  the  basic  technique  requirements.  The  apparent  simplicity  of  Fl’l  anil 
relatively  low  emphasis  given  to  the  technique  in  (iovernment  as  well  as  industry  has  hindered 
serious  research  and  development  work  in  Fl’l.  The  result  is  that  fundamental  and  applied 
research  projects  in  Fl’l  are  not  common.  This  situation  is  changing  rapidly  as  the  (invent 
ment  and  industry  have  realized,  through  recent  experience,  t hat  Fl’l  is  falling  short  of  the 
expectations  of  sensitivity  and  reliability  required  to  detect  small  surface  fatigue  cracks.  The 
need  for  applied  Fl’l  research  applicable  to  overhaul  inspection  is  even  greater  in  view  of  the 
large  differences  in  inspection  environments  of  overhaul  Fl’l  compared  to  manufacturing  and 
laboratory  type  Fl’l. 

Fl’l  capability  of  engine  overhaul  facilities  in  terms  of  probability  of  detection  is 
unknown.  An  AFl.C  SA  Al, ('/Martin  Marietta  study  to  quantity  NDl  capability  is  in  progress 
(Reference  1).  A  recent  study  of  the  maintenance  Fl’l  capability  of  airframe  components 
(Reference  'it  revealed  that  only  cracks  greater  than  0.70  in  (1.7S  cm)  will  be  detected  with 
00',  probability  of  detection  at  flu',  confidence  level.  Similar  Fl’l  capabilities  for  engine 
components  in  an  overhaul  environment  may  be  assumed.  If  the  assumption  is  valid,  this 
presents  a  problem  for  the  demonstration  of  continued  structural  integrity  for  in-service 
engine  components.  It  should  be  emphasized  that  critical  crack  sizes  for  engine  components 
are  generally  smaller  than  for  airframe  components,  and  engine  components  are  subjected  to 
very  high  temperatures  and  severe  environmental  conditions  during  engine  operations,  thus 
making  it  much  more  difficult  for  Fl’l  to  delect  tight  fatigue  cracks 

This  program  investigated  ke\  steps  and  variables  in  the  Fl’l  process  to  develop 
improvomenls  for  inspection  capability  at  engine  maintenance  facilities.  The  investigation 
evaluated  surface  preparation  procedures,  and  other  process  variables  such  as.  type  of 
penetrant  materials,  processing  times,  and  procedures.  In  Phase  I  ot  the  program,  optimized 
surface  preparation  procedures  were  developed.  I  >emonstration  ot  improved  inspection 
capability  using  these  procedures  was  conducted  at  the  conclusion  of  the  program  and 
compared  to  the  baseline  inspection  capability.  The  baseline  is  defined  as  Fl’l  using 
state-of-the-art  surface  preparation  and  inspection  procedures  currently  being  used  for  typical 
Ti-hAI  -IV  and  Inconel  71S  rotating  components  in  engine  overhaul  facilities  of  the  I'SAF. 
Phase  II  of  the  program  consisted  of  investigation  of  Fl’l  process  variables  other  than  surface 
preparation  procedures.  Demonstration  of  improvements  and  enhancements  using  optimum 
process  variables  was  also  conducted  at  the  end  of  the  program  and  compared  to  the  baseline 
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inspection  capability-  'I’he  flow  chart  of  the  program  is  shown  in  Figure  1.  This  final  report 
covers  both  Phase  1  and  Phase  II  of  the  program.  An  additional  contract.  FTItila-MO-C-aOdt). 
Improved  Penetrant  Process  Evaluation  Criteria,  will  quantify  the  increased  performance  and 
probability  of  detection  (POD)  of  fatigue  cracks  as  the  result  of  improvements  and  mod¬ 
ifications  to  the  FPI  process  identified  and  evaluated  in  this  program. 
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1 - 1 

|  Phase  I  Surface  Preparation  Procedures  | 

I  _  I 

i  Task  1:  Definition  of  Surface  I 

Preparation  Procedures  ~ ! r 


Reports 


Task  2:  Modification  of  Surface 
Preparation  Procedures 


AFWAL  and  PWA  Interface  With 
USAF/ALC  for  the  State  of  the 
Art  Survey  of  Maintenance  FPI 


Task  3:  Testing  of  Performance 
Integrity  Effects  on 
Engine  Component  Materials 


Task  4:  Optimization  of  Surface 
Preparation  Procedure 


AFWAL  and  PWA  Interface  With 
USAF/ALC  to  Conduct 
Demonstration  for  Optimum 
Surface  Preparation 


Task  5:  Demonstration  of  Improved 
FPI  Capability  Using 
Optimized  Surface 
Preparation 


Interim 

Report 


I  Phase  It:  FPI  Process  Variables 


Task  2:  Development  of  Enhancement 
Procedures 


Task  3:  Optimization  of  Modifications/ 
Enhancement 
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SECTION  II 


TECHNICAL  DISCUSSION 


OBJECTIVE 

The  objectives  of  this  program  were  (1)  to  investigate  key  steps  and  variables  in  FPI  of 
aircraft  engine  components,  (2)  to  identify  those  which  significantly  influence  the  sensitivity 
and  reliability  of  FPI  in  engine  overhaul  facilities,  and  (.'!)  to  identify  or  develop  optimum 
surface  preparation  and  inspection  procedures  to  improve  FPI  capability  of  components, 

SCOPE 

Twenty  !i  by  1  by  6  in.  (0.625  by  2.54  by  15.24  cm)  AFVVAL-furnished  low -cycle-fatigue 
tl.CFl  crack  specimens  were  used  to  conduct  various  tasks  of  the  program  (Figure  2).  The 
specimens  include  ten  each  Ti-6AI-4V  alloy  and  Inconel  718  alloy.  Titanium  alloys  are  used  as 
disk  materials  for  fan  or  compressors  or  cold  sections  of  gas  turbine  engines,  while  a 
nickel-base  alloy  like  Inconel  718  is  primarily  used  in  turbines  or  hot  sections  of  aircraft 
engines.  The  results  of  this  program  can  improve  the  FPI  capability  of  USAF  engine  overhaul, 
and  thereby  increase  safety  and  reliability  of  USAF  aeropropulsion  systems. 

Phase  I  of  the  program  investigated  surface  preparation  procedures  suitable  for  aircraft 
engine  overhaul.  Improvements  in  FPI  capability  using  the  modified  procedures  were  demon¬ 
strated  at  P&WA/GPI). 

Phase  II  of  the  program  investigated  FPI  process  variables  such  as  penetrant  dwell  time, 
emulsification  and  developers.  Improvements  in  FPI  capability  using  modified  process  vari¬ 
ables  were  also  demonstrated  in  another  program  conducted  at  P&YVA/GPD. 


•  AB  Is  Specimen  Identification  Number 

•  X  and  Y  Are  Dimensions  in  Inches,  To  Define  Flaw  Locations 

FD  161500 


Figure  2.  Sketch  of  AFW AL-Furn ish cd  Fatigue  ('rack  Specimen 


SUMMARY  OF  WORK  ACCOMPLISHED 

Phase  1  of  the  program  pro\ule<l  the  definition.  evaluation,  and  optimization  of  surface 
preparation  procedures  for  FPI  of  Ti  ti.Al  lY  and  Inconel  718.  Both  of  these  alloys  are  used  as 
engine  component  materials.  The  phase  included  an  investigation  of  the  effects  of  surface 
preparation  procedures  on  subsequent  FPI  capability  as  well  as  effects  of  these  procedures  on 
the  structural  integrity  of  engine  components. 

The  Air  Force  provided  twenty  1  >  by  1  by  ti  in.  (O.ti.'ta  by  2.7)1  by  If). 21  cm)  FCF  cracked 
specimens.  P&WA  provided  all  other  materials  and  equipment  necessary  for  the  program.  The 
technical  requirements  and  work  accomplished  for  Phase  I  of  the  program  are: 

1.  The  surface  preparation  procedures  typical  of  an  overhaul  engine  facility 
were  surveyed  and  identified.  This  task  was  accomplished  through  direct 
interface  with  SA/AI.C  and  P&WA-Southington  Service  Center. 

2.  Current  overhaul  surface  preparation  procedures  have  been  investigated 
for  effectiveness  of  FPI  inspection  capability.  Modifications  to  the  exist- 
ing  surface  preparation  procedures  are  required  for  optimum  results. 

These  include  chemical  etches  for  Ti-tiAl-tY  as  well  as  Inconel  7 IS. 

2.  The  following  effects  of  chem-milling  etch  procedures  on  the  structural 
integrity  of  Ti-t)AI-4Y  and  Inconel  71S  were  investigated: 

Structural  degradation  due  to  possible  integranular  attack,  or 
selective  corrosion 

Effects  of  chem-milling  procedures  on  I.CF  and  creep  proper¬ 
ties 

■1.  Capability  of  FPI  using  current  surface  preparation  and  inspection  pro¬ 
cedures  of  an  AFC  overhaul  facility  were  quantified  in  a  demonstration 
conducted  at  P&WA/tJPI)  FPI  facilities.  FPI  materials  and  inspection 
parameters  used  in  this  demonstration  were  those  currently  being  used  in 
an  AFC  overhaul  facility  for  typical  Ti-tiAl  tY  and  Inconel  718  rotating 
components. 

5.  Improvements  in  FPI  capability  using  modified  surface  preparation  pro¬ 
cedures  were  quantified  in  a  separate  demonstration  conducted  at  the 
P&WA/C.PI)  assembly  floor  FPI  facility. 

Phase  II  of  the  program  provided  for  evaluation  and  optimization  of  FPI  process 
variables  other  than  surface  preparation  procedures  for  Ti  (1AI--1Y  and  Inconel  718.  This  phase 
included  definition  and  optimization  of  important  FPI  process  variables.  The  technical 
requirements  and  work  accomplished  for  Phase  II  of  the  program  are: 

1.  The  process  variables  to  be  investigated  were  defined. 


2.  Each  of  the  process  variables  were  examined  independently  for  their 
effect  on  sensitivity  and  capability  of  FPI  inspection. 


r 


2.  Optimum  process  variables  and  enhancements  were  identified. 

-1.  A  demonstration  program  was  conducted  to  quantify  the  effects  of 
modified  process  variables  on  sensitivity  and  capability  of  KIM  inspection 
of  AKYVA1, -furnished  specimens. 

BASELINE  INSPECTION  AND  CRACK  DOCUMENTATION 


'Twenty  AFWAL-furnished  IX'F  crack  specimens  were  received  on  the  beginning  of  this 
program.  Flaw  documentation  by  AFVVAL  using  Group  VI  (Magnaflux  7,1. -.'10)  penetrant  is 
shown  in  Table  I.  ('rack  lengths  were  measured  bv  replication  and/or  direct  optical  microscope 
photographs  of  the  cracks.  The  results  of  crack  documentation  are  summarized  in  Table  '1. 
Typical  crack  photographs  are  shown  in  Figures  2  and  1. 

'The  specimens  were  inspected  as-received  by  F1M  using  Magnaflux  ZL-on  (wa¬ 
ter-washable).  and  7,1, -'22.  71, -.'1(1.  and  ZL-22  (postemulsifiable)  penetrants.  A  ;t.T,  ZK-10A 
(Hydrophilic  F,mulsifier)  was  used  as  remover  for  postemulsifiable  penetrants.  ZF-4H  dry 
developer  was  also  used.  ZL-55  is  classified  as  Group  IV  according  to  MI  I  ,-l -25 1  ;l">  speci- 
fication  and  is  a  high-sensitivity,  water-washable  penetrant,  while  ZI.-22,  Zl, and  7,1, -do  are 
all  classified  as  Group  VI  penetrants  according  to  the  same  specification.  7,1, -22  has  lower 
sensitivity  compared  to  7,1, -20  and  71,-25.  ZI.-25  has  the  highest  sensitivity.  The  results  of 
inspections  in  terms  of  crack  lengths  and  brightness  of  indications  are  summarized  in  'Tables  2 
and  1.  Linear  regression  curves  of  actual  crack  length  vs  FIM  indicated  lengths  are  shown  in 
Figures  5  through  12. 


TABLE  1.  AFWAI.  SPECIMENS  FLAW  DOCUMENTATION  USING  ZL  20 
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Figure  I.  Fatigue  (  ruck  in  Ti-tiAl--tY  Specimen  Sn.  HI 


TABLK  X  (  HAC  K  LKNUTHS  FROM  FBI  INDICATIONS  ON  INVONKL  7 IS  FATKiOK 
('RACK  SPKOIMKNS  (AS  RKCFIVKD) 
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SECTION  III 


PHASE  I:  SURFACE  PREPARATION  PROCEDURES 

Phase  I  consisted  of  an  investigation  of  surface  preparation  procedures  suitable  for 
aircraft  engine  maintenance  facilities.  Figure  I  includes  an  outline  of  the  technical  approach 
tor  this  phase  of  the  program. 

Liquid  penetrant  inspection  requires  not  only  that  discontinuities  occur  at  the  inspection 
surface  hut  they  must  also  he  open  and  free  of  surface  contamination,  ('mod  cleaning  is 
essential  to  obtain  reliable  penetrant  indications.  Great  care  must  he  taken  to  assure  that  the 
parts  are  clean  and  dry.  Indication  and  detection  of  flaws  depend  upon  the  flow  of  the 
penetrant  into  what  mas  he  onlv  a  microscopic  crack.  It  is  immediately  apparent  that  the  floss 
cannot  take  place  it  the  discontinuity  is  already  filled  with  oil.  dirt,  water,  paint,  oxide,  or 
other  foreign  matter  The  cleaning  technique  being  used  will  he  determined  by  the  type  nl 
foreign  material  present  and  may  require  either  mechanical,  solvent,  etch,  or  special  surface 
preparation  to  assure  adequate  cleaning. 

W  ithout  adequate  removal  of  surface  contamination,  relevant  indications  may  he  missed 
bei  a  use  ill  the  pellet  rant  does  not  enter  t  he  flasv.  (21  t  he  pellet  rant  loses  its  ability  to  ident  its 
the  Class  because  u  reacts  with  foreign  matter  already  in  the  flaw,  or  Cl)  the  surtaee 
unmedialels  surrounding  the  flasv  retains  enough  penetrant  to  mask  the  true  appearance  ot 
the  tlass  I  he  surtaee  preparation  procedures  may  he  classified  into  three  categories  iKefcren 
i  cs  i  and  1 1. 

1  Mechanical  Procedures:  Mechanical  procedures  include  grit  or  vapor 
blasting,  high  pressure  svater  cleaning,  ultrasonic  cleaning,  wire  brushing, 
and  grinding.  Although  mechanical  methods  are  sometimes  necessary. 

(lies  should  not  he  used  as  the  final  surface  preparation  procedure 
particularl,  .lien  inspecting  for  crack  like  defects.  These  procedures  tend 
to  smear  over  discontinuities,  thus  limiting  the  effectiveness  of  the 
penetrant. 

2  Chemical  Procedures:  Chemical  procedures  can  he  subclassified  as 
surface  cleaning  and  surface  etching.  Surtaee  cleaning  procedures  include 
alkaline  cleaning  (for  removing  rust,  scale,  oils,  carbon  deposits,  etc.),  acid 
cleaning  (for  removing  light  or  heavy  scale),  molten  salt  hath  cleaning  (for 
heavy  scale  removal);  and  solvent  methods  (vapor  degreasing  for  soil.  oil. 
or  grease  not  suitable  for  titanium,  solvent  hand  wiping  suitable  for 
localized  cleaning).  Surface  etch  procedures  are  used  to  remove  smeared 
metal  and  clean  the  surface  of  oxidation.  The  type  of  etchant  suitable  for 
particular  inspection  depends  on  the  material  and  type  of  environment  in 
which  the  component  operates.  Ktcli  must  he  used  cautiously.  All  the 
parts  must  he  thoroughly  cleaned  and  neutralized  before  applying 
pellet  rant. 

:t.  Combined  Procedures:  These  procedures  use  both  mechanical  and 
chemical  actions  for  surface  preparation.  Kxamples  of  combined  pro 
ced tires  are  hand  or  power  scrubbing  with  detergent,  steam  with  de 
tergent.  ultrasonic  cleaning  with  degreasers  or  solvents. 
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Special  techniques  may  be  developed  to  open  discontinuities  so  that 
entrapment  efficiency  of  penetrants  is  improved.  Techniques  such  as 
stressing  by  different  ini  thermal  expansion,  thermal  shocks,  spinning  or 
mechanically  loading  have  been  effective  in  some  cases.  Vibrations  (in¬ 
cluding  ultrasonic  vibrations)  to  clean  surface  contamination  may  also  he 
used. 

GENERAL  SURFACE  PREPARATION  REQUIREMENTS 

The  primary  purpose  of  cleaning  gas  turbine  engine  parts  (Reference  ol  is  to  remove  the 
contaminants  that  might  conceal  minor  cracks  and  defects,  which  if  not  detected  could 
eventually  lead  to  failure.  To  find  the  incipient  defects,  a  thorough  inspection  of  the  surfaces  is 
necessary,  which  can  only  be  satisfactorily  accomplished  after  the  foreign  contaminants  are 
removed.  Therefore,  cleaning  can  be  termed  a  preinspection  procedure,  and  the  quality  of  an 
engine  after  overhaul  or  repair  will  depend  considerably  on  the  effectiveness  of  the  cleaning 
operation.  To  attain  the  degree  of  cleaning  deemed  necessary,  many  difficult  problems  are 
experienced  as  the  result  of  the  operating  characteristics  of  the  engine  and  the  various 
materials  employed  as  cleaning  agents. 

There  is  no  single  cleaning  agent  or  process  that  will  clean  all  of  the  parts.  A  cleaning 
agent  that  will  clean  one  set  of  parts  will  not  clean  another  set.  or  it  will  attack  the  alloys 
comprising  the  other  set.  Hither  way  different  cleaning  agents  are  necessary,  and  the  selection 
of  these  agents  will  sometimes  have  to  be  made  individually.  When  this  occurs,  the  basic 
factors  to  be  considered  are:  will  the  cleaning  agent  attack  the  metal  chemically  and  will  it 
leave  a  residue  that  will  cause  corrosion?  The  choice  of  cleaning  agents  and  the  process  can 
generally  be  satisfactorily  made  by  considering  the  following  points: 

1.  Composition  of  the  part 

2.  Nature  of  the  surface  of  the  part 

A.  Complexity  of  construction 

4.  Type  of  contaminants  to  be  removed 

f).  Degree  of  cleanliness  reqttired 

ti.  Availability  of  a  specific  cleaning  agent,  equipment,  and  the  hazards 
involved. 

Chemical  cleaning  is  generally  specified  for  most  parts  and  in  most  cases  does  a 
satisfactory  job.  However,  a  decision  should  not  he  made  relative  to  any  particular  cleaning 
method  unless  there  is  a  complete  understanding  of  the  metals  involved  and  the  cleaning 
agents  to  be  employed. 

[‘arts  that  cannot  be  thoroughly  rinsed  should  not  be  denned  with  corrosive  chemicals. 
Adequate  removal  of  chemical  residue  front  such  parts  is  difficult,  if  not  impossible,  and  will 
eventually  promote  corrosion. 

Parts  cleaned  by  soaking  in  a  chemical  solution  should  be  removed  immediately  when 
cleaning  has  been  accomplished.  Soaking  for  a  long  time  may  cause  discoloration  or  attack  the 
metal.  Immediately  upon  removal  from  the  solution,  parts  should  be  rinsed.  Parts  that  are 
clean  should  be  thoroughly  rinsed,  air  dried,  and  if  not  to  be  processed  further,  coated  with 
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rust  preventive  when  practical  or  when  there  is  danger  of  corrosion,  prior  to  assembly.  Any 
cleaning  solution  should  he  replaced  when  sludge  interferes  with  cleaning  results  or  when 
additions  of  basic  materials  fail  to  rejuvenate  the  solution. 

(ias  turbine  engine  components  should  be  cleaned  only  as  necessary  to  perform  adequate 
inspections  and  repairs.  Overcleaning  in  some  cases  can  be  more  detrimental  than  beneficial  to 
the  production  of  quality  engines.  Bright  surfaces  are  only  obtained  with  vigorous  methods  and 
cannot  he  obtained  without  a  sacrifice  of  some  base  metal.  The  repeated  use  of  these  methods, 
followed  by  oxidation  and  scale  buildup  in  service,  can  be  detrimental  to  the  dimensional 
stability  of  the  components.  For  this  reason  overcleaning  should  he  avoided. 

Cleaning  of  individual  engine  parts  should  lie  for  functional  purposes  only,  and  should  be 
accomplished  only  as  necessary  for  the  detection  of  defects  or  damage,  and  for  elimination  of 
contaminants  such  as  oil,  grease,  flaky  scale,  carbon  deposit,  etc.,  which  if  dislodged  from  the 
surfaces  might  restrict  oil  or  fuel  lines  or  generally  interfere  with  operation  of  the  engine. 
Cleaning  of  parts  merely  for  appearance  is  unnecessary  and  should  not  be  accomplished 
provided  the  quality  of  the  engine  after  overhaul  will  not  be  affected.  Discoloration  resulting 
from  heat  and  tightly  bonded  films  of  inert  oxides  should  not  be  removed. 

Critical  surfaces  such  as  flanges,  parting  surfaces,  and  mounting  pads  should  be  complete¬ 
ly  tree  of  foreign  matter  whereas  the  remaining  surfaces  of  the  same  part  should  not  require 
such  extensive  cleaning.  Surface  discoloration  caused  by  heat  or  chemical  action  should  be 
disregarded.  Highly  stressed  parts  should  he  cleaned  only  to  the  extent  necessary  to  detect  all 
flaws  and  imperfections. 

Due  to  the  many  variables  involved  in  the  cleaning  and  inspection  of  gas  turbine  engine 
parts,  it  is  impossible  to  set  a  standard  for  cleaning  that  would  apply  under  all  conditions. 
Therefore,  to  obtain  the  maximum  overhaul  capacity,  while  at  the  same  time  producing  a 
quality  product,  the  combined  and  continuous  efforts  of  both  cleaning  and  inspection  person¬ 
nel  must  be  exerted  to  establish  and  maintain  a  satisfactory  level  of  cleaning.  Personnel 
concerned  must  exercise  good  judgment  and  common  sense  to  avoid  unnecessary  cleaning  of 
parts. 

When  cleaning  requirements  are  found  to  differ  from  those  approved,  and  cleaning  and 
inspection  personnel  cannot  agree,  appropriate  action  should  be  taken.  The  cleaning  line 
representatives  and  qualified  representatives  from  Inspection  should  determine  the  amount  of 
cleaning  necessary  to  maintain  the  applicable  quality  standards. 
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TECHNICAL  APPROACH 


The  objective  of  Phase  1  was  t<i  evaluate  and  optimize  surface  preparation  procedures 
suitable  for  aircraft  engine  maintenance  facilities.  The  first  task  in  Phase  I  investigation  was  to 
define  and  identity  the  surface  preparation  procedures  typical  of  aircraft  engine  maintenance 
facilities.  As  shown  in  the  flow  chart  (Figure  1),  this  task  was  carried  out  with  direct  interface 
with  engine  maintenance  facilities. 

The  second  task  was  to  investigate  changes  and  modifications  to  the  current  surf 
preparation  procedures  used  by  engine  maintenance  facilities  to  improve  FPI  capability  01 
such  facilities.  Consideration  was  given  to  both  the  surface  cleaning  and  surface  etch  pro¬ 
cedures.  Ktch  procedures  were  evaluated  for  Ti-fiAI-lV  as  well  as  Inconel  7 IK. 

The  third  task  was  to  investigate  the  effects  on  structural  integrity  or  corrosion  character¬ 
istics  of  the  materials  due  to  the  use  of  surface  preparation  procedures.  The  LCF  and 
creep  rupture  properties  were  evaluated.  Strain-controlled  LCF  specimens  (Figure  Pit  were 
tested  at  typical  materials  operating  conditions.  To  evaluate  the  creep  effects  of  surface 
preparation  procedures,  typical  creep-rupture  specimens  (Figure  14)  were  tested  at  operating 
conditions.  The  most  important  concern  of  the  surface  preparation  procedures  was  the 
possibility  of  degradation  of  materials.  Therefore,  a  thorough  metallurgical  evaluation,  includ¬ 
ing  intergranular  attack  and  chemical  depletion,  was  done  for  surface  preparation  procedures 
under  consideration. 

In  the  fourth  task,  the  results  of  the  preceeding  tasks  were  critically  examined  to  suggest 
final  modifications  or  changes  to  the  surface  preparation  procedures. 

During  the  fifth  task,  the  effectiveness  of  optimized  surface  preparation  procedures 
developed  by  Tasks  1  through  4  was  demonstrated.  The  demonstration  was  conducted  on 
AFWAL-furnished  specimens  with  modified  surface  preparations.  The  inspections  were  per 
formed  in  an  overhaul  facility  environment  at  P&WA/DPI)  assembly  floor  FPI  facility. 

SIMULATED  ENGINE  ENVIRONMENT  CONTAMINATION 

AFWAL-furnished  crack  specimens  were  heated  in  aircraft  engine  lubricant  (I’WA 
specification  521,  MIL-L-TK(IK)  fumes,  and  temperature  cycled  between  room  temperature  and 
()00°F  to  subject  the  specimens  to  simulated  engine  environment,  and  to  contaminate  surfaces 
of  the  specimens  and  cracks.  These  conditions  caused  possibly  the  worst  contamination  to  be 
encountered  on  engine  components  during  engine  overhaul  cleaning  and  inspection  (Figures  15 
and  Hi). 


Fatigue  crack  specimens  were  subjected  to  different  state-of-the-art  chemical  cleaning 
procedures  to  determine  the  effectiveness  of  these  procedures.  Whenever  FPI  was  performed, 
specimens  were  thoroughly  cleaned  after  FPI  using  ultrasonic  solvent  cleaning  to  remove 
residual  penetrant  materials  from  the  previous  inspections. 
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INVESTIGATION  OF  SURFACE  PREPARATION  PROCEDURES 


Current  cleaning  procedures  used  at  various  overhaul  facilities,  and  modifications  to 
these  procedures,  were  investigated  for  their  effectiveness  as  surface  preparation  procedures 
for  KIM.  These  cleaning  procedures  consisted  of  both  mechanical  and  chemical  procedures.  The 
mechanical  procedures  included  mild  vapor  blasting  and  abrasive  grit  blasting.  The  mechanical 
procedures  were  evaluated  on  Inconel  718  and  Ti-6A1-4V  coupon  samples  as  well  as  some 
Ti-6Al-2Sn-4Zr-6Mo  fatigue  crack  bar  specimens.  Surface  roughness  and  metal  smear  caused 
by  grit  blasting  reduced  KIM  capability  due  to  excessive  background  fluorescence  and  reduc¬ 
tion  in  the  penetrating  power  and  subsequent  bleed-out  of  entrapped  penetrant  from  the 
cracks.  Light  vapor  blasting,  80  sec.  40.6  to  45.7  cm  (16  to  18  in.),  6.89  x  1(V'  Pa  (100  psi),  did 
not  cause  any  degradation  in  FP1  capability.  In  fact,  it  seemed  to  enhance  crack  indications 
through  reduced  background  fluorescence  and  increased  definition  of  the  cracks.  Figure  17 
compares  the  surface  roughness  of  vapor  blasted  and  grit  blasted  Ti-6AI-4V  surfaces. 

Chemical  cleaning  procedures  investigated  included  alkaline  cleaning  solutions  of  dif¬ 
ferent  types  and  strengths,  alkaline  permanganate  solutions,  carbon  solvents  and  carbon 
removers,  acid  descaling  solutions,  chromic  and  phosphoric  acid  solutions,  inhibited  phos¬ 
phoric  acid  solution,  vapor  degreasing  and  cold  solvents  (MEK.  trichloroethane).  These 
cleaning  procedures  were  used  on  coupon  samples  and/or  contaminated  fatigue-crack  speci¬ 
mens.  The  chemical  cleaning  procedures  tested  were  all  effective  to  a  limited  extent  when 
properly  applied.  However,  none  of  these  procedures  completely  removed  all  of  the  simulated 
engine  contamination,  hut  enough  contamination  was  removed  to  prevent  large-scale  back¬ 
ground  fluorescence  during  most  FPL  For  those  eases  where  chemical  cleaning  procedures 
were  not  effective  enough,  a  light  vapor  blast  following  chemical  cleaning  reduced  the  level  of 
background  fluorescence  during  FPL  However,  for  maximum  FPI  effectiveness,  a  chem  milling 
( nonselect ive)  etch  procedure  was  conducted  after  vapor  blast.  It  is  recommended  that  in  any 
case  where  vapor  blast  may  be  applied  heavily  enough  to  cause  metal  smearing  that  the  chem 
milling  procedure  he  used  before  FPL 

During  this  investigation  it  was  also  determined  that  some  of  t he  cleaning  procedures 
may  be  degrading  the  components  through  selective  etch.  For  example,  a  chromic  and 
phosphoric  acid  cleaning  procedure  is  recommended  by  TO  (Reference  8t  for  both  nickel  and 
titanium  alloys.  The  solution  was  used  on  polished  coupon  samples  of  Ti-6Al-lV  and  Inconel 
718.  Evidence  of  etching  of  a  Ti-6A1-4V  sample  was  observed  after  immediate  rinsing  with  hot 
water  following  the  cleaning  procedure  (Figure  18).  In  the  case  of  Inconel  718,  a  very 
interesting  pnenomenon  was  observed.  After  dip  and  spray  rinsing  with  hot  water  following 
chromic-phosphoric  acid  cleaning,  the  Inconel  718  sample  surface  did  not  show  any  change. 

Rut  after  12  to  18  hr  of  hold  time  following  the  cleaning  and  rinsing  procedure,  the  surface 
exhibited  selective  grain  boundary  attack  (Figure  19).  Such  selective  etching,  as  a  result  of 
current  chemical  cleaning  procedures,  could  possibly  degrade  material  performance  of  the 
engine  components,  particularly  LCF  and  creep  properties.  On  further  investigation  it  was 
found  that  it  is  chromic  acid  which  causes  etching  of  both  Inconel  7J8  and  Ti-tiAl  -IY. 

Fortunately,  it  was  found  that  if  the  chromic  and  phosphoric  acid  cleaning  procedure  was  > 

followed  by  an  alkaline  cleaning  procedure  before  rinsing  with  hot  water,  the  delayed  etching 
on  Inconel  718  can  be  avoided.  This  is  encouraging,  since  the  chromic-phosphoric  acid  cleaning 
procedure  is  remarkably  efficient  in  removing  contamination  from  metal  surfaces. 
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Polished  Surface  Before  Cleaning 
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Surface  Immediately  After  Chromic  and  Phosphoric  Acid  Cleaning 
and  Rinsing  with  Hot  Water 
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CHEM-MILLING  ETCH  EVALUATION 


Chemical  cleaning  procedures  are  generally  not  adequate  to  completely  remove  surface 
contaminants  from  engine  components  prior  to  FP1.  Mechanical  cleaning  in  conjunction  with 
chemical  cleaning  can  clean  the  surfaces  effectively,  but  such  procedures  may  close  the  cracks 
or  surface  discontinuities  because  of  metal  smear.  Therefore,  an  extensive  etch  development 
and  evaluation  program  was  undertaken  to  suggest  suitable  chem-milling  type  etches  for  the 
enhancement  of  FBI  capability. 

A  nitric  and  hydrofluoric  acid  etch  was  chosen  for  Ti-6A1-4V.  Many  variations  of  this 
etch  are  used  in  industry  for  chem-milling  etch  of  titanium  alloys.  So  instead  of  developing  a 
new  etch,  a  composition  of  nitric-hydrofluoric  etch  was  chosen  which  would  give  a  reasonable 
rate  of  metal  removal  without  causing  selective  etch.  The  composition  of  this  etch  is  given  in 
Table  5.  The  effect  of  this  etch  on  LCF  and  creep  properties  of  Ti-6A1-4V  is  discussed  later. 

Suitable  chem-milling  etches  were  developed  for  Inconel  718  by  detailed  investigation  of 
various  combinations  and  concentrations  of  acids  and  salts.  Metal  removal  and  intergranular 
attack  was  used  as  criteria  for  initial  evaluation.  Microprobe  analysis  was  then  used  to 
compare  chemistry  of  the  chemically  etched  surface  to  the  chemistry  of  nonetched  surface  of  a 
sample.  Over  '24  different  solutions  were  investigated.  Out  of  these,  two  (No.  21  and  No.  9 If) 
were  chosen  as  most  satisfactory  based  on  metal  removal,  10A.  and  selective  metal  depletion. 

The  compositions  of  these  two  etches  are  given  in  'Table  5.  Both  the  etches  will  qualify  as 
good  etches  on  the  basis  of  generally  accepted  criteria  for  etch  development.  But  in  this 
program,  additional  criteria  of  low-cycle  fatigue  and  creep-rupture  evaluations  were  used  to 
finally  determine  suitability  of  etch.  According  to  these  criteria,  it  had  to  be  demonstrated  that 
the  use  of  the  finally  selected  etch  will  not  degrade  LCF  and  creep  properties  at  typical 
operating  conditions.  The  results  of  these  evaluations  are  discussed  next. 

Effect  of  Chem-Mill  Etches  on  LCF  and  Creep 

Test  conditions  used  to  compare  strain-controlled  LCF  life  of  baseline  (nonetched)  and 
etched  materials  are  listed  in  Table  6.  All  LCF  specimens  were  vibratory  finished  (Sut- 
ton  barrel).  For  each  material,  three  specimens  were  tested  with  this  surface  finish  for  a 
baseline,  while  the  other  three  were  etched  before  testing  to  compare  the  effect  of  etching. 
Only  etched  specimens  were  tested  for  creep  at  conditions  listed  in  'Table  7.  'The  results  of 
creep  testing  were  then  compared  to  baseline  properties  available  in  open  literature  and 
material  specifications. 

'The  results  of  LCF  and  creep  testing  are  summarized  in  Tables  8  through  12.  It  is 
apparent  that  the  initially  selected  etch  for  Inconel  718  (solution  No.  21)  degrades  LCF  life  of 
Inconel  718  by  about  50',  at  1()()()°F  (.r>:)8°C)  and  strain-range  of  1.25',  .  'Therefore,  solution 
No.  9B  was  chosen  as  an  alternate.  Solution  No.  9B  does  not  appear  to  degrade  LCF  and  creep 
life  (Tables  8  and  12).  Preliminary  results  indicate  that  the  adverse  effect  of  solution  No.  21 
etch  on  LCF  properties  of  Inconel  718  may  be  due  to  selective  etching  of  a  vibratory-finished 
surface  by  this  solution.  'There  is  no  degradation  in  LCF  and  creep  life  of  Ti-f>Al-4Y  due  to 
nitric-hydrofluoric  etch. 
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TABLK  5.  CHKM  MILL  KTCH  (’OMI'OSITIONS 


Ti-tiAl-iV  Etch' 


HNO± 

HF 

HP 

'Temperature 

35  \ 

3.5* , 

61.5' , 

K<Kim  Temperature 

Inconel 

718  0 hem  Mill  Etch: 

Solution  No.  21 

HCl 

JLNOj  . 

MJ1U 

Hi)  Fed , 

Co  NO, 

NaS  O,  Temperature 

35  \ 

;p, 

5  r; 

57',  '-’Og/nal 

(5.28K/lt 

.'Mig/Kal 
(9.51(; /li 

lOtf/gal  130°F  154.4  °C) 
t2.64g/l  l 

Solution  No.  9B 

HCl  HNO:i  HjO  FcCL,  CuS  <),  Temperature 
45  *\  5r,  50 ‘-Og/gal  I  i:U)°F  (54.4°(') 

(5.28tf/l)  (9.5IK/1) 


TABLK  (5.  STRAIN -CONTROLI.KI)  L(’K  TKST  CONDITIONS 


Material 

Temperature 

Strain ■ 
Ran  ft* 

Mean 

Strain 

Frequency 

epm 

Heat -  Treat 
( 'audition 

Ti-BAI  4V 

Room  Temperature 

1.25 

0.625 

20 

SI* 

Inconel  718 

1000°F  |538°C) 

1.25 

0.625 

20 

SI* 

SI’  Solution  Treated  and  Precipitation  Hardened 


TABLK  7.  CRKKB  TKST  CONDITIONS 

Unit-Treat 

Material  Temperature  Stress  Condition 

fi-6Al-4V  6tX)°F  (;tie°n  1 17  ksi  (WHi  MPal  Sl> 

Inconel  718  l20t)°K  (649°0  100  ksi  (089  MI’al  SI’ 

SI’  —  Solution  Treated  and  Precipitation  Hardened 


TABLK  8.  STRAI N-CONTROLLKI)  LCF 
TKST  RKSCLTS  FOR  INCONKL 
718 


('ye  lea  to 

Specimen 

Failure 

398 

3406 

Baseline 

399 

3047 

400 

3070 

Etched  with 

422 

1883 

Solution  No.  21 

423 

1 776 

15  minutes  at  130°F 

424 

1577 

<54°n 

Etched  with 

425 

3980 

Solution  No.  9B 

426 

4016 

15  minutes  at  130°F  (5400 

427 

4625 
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TABLE  9.  STRAIN-CONTROLLED  LCF 


TEST 

Ti-ti.AI-lV 

RKSUL 

TS  FOR 

Cycles  to 

Specimen 

Failure 

410 

12,826 

Baseline 

385 

13,555 

376 

11,948 

Nitric- Hydrofluoric 

431 

8,256 

Etch  for  15  min 

432 

14,044 

at  Room  Temperature 

433 

16.291 

TABLE  10.  EFFECT  OF  THEM  MILL 
(SOLUTION  NO.  21)  ON 
CREEP  CAPABILITY  OF  IN¬ 
CONEL  718 


Stress:  1(H)  ksiJtiUH  Ml'a) 
Specimen  So. 

4  16 

417 

418 


Temp _ 1'JtHFF  (619’  l ') 

Hours  to  Failure 
lti  5 
111? 

152.4 


Minimum  Hours  to  Kupturo  per  AMS  "'Sti.'’  i>  hr 


TAHLK  !1  KFFKOT  OK  NIT  Kir 
HYOROFLl  OHIO  KTO  H  ON 
CKKKI'  <  AIWHIUTY  OF 
Ti  r,AI  W 


Stress  117  kst  oh/#.  A tf,t  '»'#■  t  >'f  < 

Specimen  \».  //  •■•'  1  r>  •  T 


419 

420 

421 


».9i 

•  I  i 


*Tes(,s  discontinued  Us  /ihm  live-  l«r  c\.  erded  the 

expected  lile 


TABLE  12.  EFFF.r  I  o|  <  HEM  MILL 
iSOl.l  III  )\  \(t  OB  i  ON 

CREEP  (  APABII.m  OF  IN 
CON  El.  7  is 


Sress  ion  ksi  (HHO  M/Vn  Temp  IJtHi  h  fhW  f; 

.Specimen  S •>  Hours  to  Failure 

445  i  52  1 

44fi  1 4 1  ..f» 

4.47  149.5 

Minimum  hours  to  rupture  |>er  AMS  5hh4  is  24  hr 


SECTION  IV 


PHASE  II:  FPI  PROCESS  VARIABLES 


During  Phase  II  of  the  program,  FPI  process  variables  other  than  surface  preparation 
procedures  were  investigated.  Figure  1  includes  the  technical  approach  for  this  phase. 

Important  FPI  process  variables  are  discussed  briefly  (References  2.  4.  and  6). 

1.  Penetrant  Selection  -  Selection  of  penetrant  for  inspection  of  a  component  depends 
mainly  on  criticality  of  the  part,  sensitivity  desired,  condition  of  the  surface  to  be  examined, 
and  the  cost  of  inspection.  Other  factors  involved  in  selection  of  penetrants  are  size,  shape,  and 
number  of  parts  to  be  inspected,  accessibility  of  inspection  surfaces,  and  type  of  facilities  and 
equipment  available  for  the  inspection.  The  following  is  a  list  of  three  general  types  of 
fluorescent  penetrants,  in  order  of  decreasing  cost  and  decreasing  sensitivity: 

1.  Postemulsifiable 

2.  Solvent -removable 
2.  Water-washable. 

W  ithin  each  of  these  three  types,  there  are  different  sensitivity  penetrants  available.  Air  Force 
Specification  Mll.-l-iblHot'  classifies  fluorescent  penetrants  in  four  sensitivity  groups 
described  below: 

('•roup  IN’  Water  washable  fluorescent  penetrant  and  a  dry.  wet.  or  nona- 
queous  wet  developer. 

(iroup  V  Postemulsifiable  fluorescent  penetrant,  an  emulsifier,  and  a 

dry,  wet.  or  nonaqueous  wet  developer. 

(iroup  VI  High  sensitivity,  postemulsifiable  fluorescent  penetrant,  an 
emulsifier,  and  a  dry.  wet.  or  nonaqueous  wet  developer. 

(iroup  VII  Aerosol  cans  of  (iroup  VI  solvent  removable  fluorescent  pene¬ 
trant.  cleaning  remover,  and  a  nonaqueous  wet  developer. 

2.  Method  of  Applying  Penetrant  The  main  methods  of  applying  penetrant  are  brushing, 
dipping,  and  spraying.  The  method  to  be  used  depends  on  size  and  type  of  the  part  to  be 
inspected,  inspection  environment,  and  type  of  inspection  equipment  available.  Whatever 
method  of  application  to  be  used,  it  is  essential  to  thoroughly  wet  the  area  of  the  part  to  be 
inspected. 

3.  Penetrant  Dwell  Time  The  time  required  for  optimum  penetration  is  usually  de¬ 
termined  experimentally  or  by  past  experience.  The  normal  dwell  time  is  from  2  to  20  min. 
Longer  penetration  time  is  preferable  for  fatigue  cracks  or  service  induced  flaws,  provided  the 
penetrant  does  not  dry  on  the  surface  of  the  inspection  part. 

4.  Temperature  of  the  Part/Penetrant  Maximum  temperature  of  the  inspected  part, 
according  to  most  references  and  specifications,  is  restricted  to  100  to  l2b°F  I  .'IK  to  ,r>2°(')  for 
Fl*l.  Recent  research,  however,  indicates  that  100  to  12a°F  temperature  limit  on  conventional 
fluorescent  penetrants  (conforming  to  MIL  I  2:!I2.')('I  is  too  restrictive  and  that  temperatures 
as  high  as  200°  F  (!t2°C)  may  be  used  in  many  cases  without  any  adverse  el  feels.  Temperature 
limits  of  100  to  12a°F  (2K  to  f>2°( ' I  is  justified  because  most  of  the  penetrants  present Iv  in  use 
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are  not  stable  tor  high  temperature  application  (creating  washabilitv  problems).  Research  work 
is  continuing  for  development  of  high  sensitivity,  high  temperature  penetrants  (Reference  HI. 
Ability  to  use  higher  temperatures  may  enhance  FI’I  reliability  and  sensitivity. 

5.  Excess  Penetrant  Removal  Penetrant  removal  is  considered  to  be  the  most  important 
step  in  the  processing  of  parts  for  inspection.  Tight  control  of  the  various  parameters  must  he 
maintained  to  assure  reliable  results.  Overwashing  of  parts  will  remove  the  penetrant  from  the 
discontinuities  while  underwashing  will  result  in  too  much  background  fluorescence  and  mask 
real  indications.  Water  temperature  and  pressures  should  he  controlled  lor  best  results.  For 
postermilsifiahle  penetrants,  emulsification  times  depend  on  type  of  penetrant  and  emulsifier 
used,  the  type  of  surface  under  inspection,  the  level  of  sensitivity  desired,  and  the  type  of  rinse 
used.  For  solvent  removable  penetrants,  amount  and  method  of  solvent  use  should  he 
controlled. 

One  of  the  important  improvements  for  postemulsifiable  penetrants  in  aircraft  engine 
inspection  facilities  is  the  use  of  hydrophilic  emulsifiers  in  place  of  lipophilic  emulsifiers. 
Hydrophilic  emulsifiers  are  more  efficient,  more  tolerant  to  process  variables,  and 
cost-effective.  They  also  cause  no  corrosive  effects  as  a  result  of  residual  emulsifier  remaining 
on  the  components.  Recent  improvements  in  water-washable  penetrants  indicate  their  suit¬ 
ability  tor  some  engine  components  in  overhaul  facilities. 

6.  Drying  Parts  must  he  thoroughly  dried  before  developer  is  applied.  Drying  temperature 
and  time  should  he  chosen  such  that  there  is  no  degradation  of  penetrant.  A  clean  blast  of  air 
can  also  In-  used  for  drying  purposes. 

7.  Application  of  Developer  The  developer  action  is  considered  to  he  a  combination  of 
solvency,  adsorption,  and  absorption  effects  drawing  residual  penetrant  to  the  surface  from  the 
discontinuities.  Developer  also  provides  contrast  for  brighter  indications.  Dry.  wet.  nonnqueous 
wet,  and  film  type  developers  are  in  common  use.  Selection  of  developer  plays  a  very 
important  role  in  the  sensitivity  and  reliability  of  inspection.  Selection  depends  on  the  type 
and  size  of  parts,  surface  condition,  geometry  of  the  parts,  location  of  flaws  and  the  type  of 
facilities.  Optimum  developer  parameters  can  he  determined  only  by  experiment  and  past 
experiences. 

The  method  of  applying  developer  should  also  he  carefully  selected.  The  developer  must 
completely  cover  all  areas  of  the  parts  to  be  inspected,  yet  excessive  coating  must  be  avoided 
to  prevent  masking  of  indications.  Developer  time  must  be  adequate  before  inspecting  the 
part. 

8.  Black  Light  Intensity  The  black  light  used  in  fluorescent  penetrant  inspection  peaks  at 
.(()•’>()  Angstrom  units.  Recommended  intensity  level  is  200  ft-c  at  12  in.  (O.HO-tHM).  Background 
white  light  should  be  minimized  for  highest  sensitivity.  Black  light  intensity  levels  and 
allowable  while  light  can  be  relaxed  in  many  inspection  situations. 

9.  Inspector  The  inspector  is  one  of  the  most  important  factors  in  assuring  a  reliable 
inspection.  Inspection  quality  is  no  better  than  the  ability  of  the  inspector  to  find  indications 
and  interpret  them.  Qualification,  interest,  and  awareness  of  importance  of  his  derision  are 
some  of  I  he  qualities  of  an  inspector  which  directly  influence  his  ability.  The  conditions  under 
which  an  operator  works  also  affect  his  ability.  There  has  been  recent  effort  to  automate  FBI. 
unfortunately,  the  human  factors  of  FBI  currently  cannot  be  replaced  by  automation  and  one 
has  to  fully  appreciate  operator  variability  of  FBI. 


FPI  IN  OVERHAUL  FACILITIES 


The  method  of  KIM  in  overhaul  facilities  is  similar  to  a  production  environment.  The 
method  essentially  consists  of  applying  penetrant  on  the  components,  and  after  the  penetrant 
has  had  time  to  enter  the  discontinuities,  the  excess  penetrant  is  removed,  the  part  goes 
through  a  drying  process,  and  then  developer  is  applied  to  the  surface.  'The  penetrant  which 
had  been  entrapped  in  the  discontinuity  is  drawn  to  the  surface  by  the  developer  and  produces 
characteristic  indications  which  are  examined  by  an  inspector. 

For  over  a  decade  semiautomated  penetrant  inspection  systems  have  been  in  use  in 
overhaul  facilities.  Usually  these  systems  consist  of  several  in-line  stations  with  engine 
components  being  transported  from  station  to  station  by  mechanical  handling  systems.  The 
stations  may  consist  of: 

1.  Drying  to  remove  any  moisture  away  from  the  parts 

2.  Soak  in  a  temperature  controlled  penetrant  tank  (varying  dwell  time  is 
generally  used  depending  on  components) 

Rrerinse  station  to  remove  some  excess  penetrant 

■I.  Controlled  time  dipping  in  an  emulsifier  tank 

a.  Rinse  station,  usually  consisting  of  water  spray 

ti.  Air  circulating  controlled  temperature  drying  oven 

7.  Developer  station 

S.  Developer  drying  station  if  a  wet  developer  is  used 
9.  Black  light  inspection  booth. 

These  semiautomated  facilities,  when  properly  planned  and  set  up.  should  provide  uniform 
processing  for  the  same  type  of  components  as  required  in  inspection  procedures.  These  units 
are  preferred  to  hand  processing  units,  but  a  small  hand -processing  unit  is  always  coexistent 
with  semiautomated  units  to  handle  small  parts  and  specialized  nonroutine  inspection  items. 

Stress-enhanced  or  wink  KIM  is  sometimes  used  on  selected  suitable  components.  The 
method  was  introduced  for  increased  sensitivity  and  reliability  for  detecting  tight  fatigue 
cracks  or  cracks  filled  with  contaminants  to  increase  penetrant  flaw  entrapment  efficiency. 
Unfortunately,  often  this  method  is  not  properly  applied  or  is  not  considered  for  tear  of  the 
time  factor  involved  in  stress-enhanced  inspection.  Recent  work  under  AFVVAI.  sponsorship 
has  demonstrated  that  significant  improvements  in  sensitivity  and  reliability  of  •MM  can  be 
achieved  by  new  advanced  stress-enhanced  FBI  procedures  (Reference  7).  There  has  been  no 
study  conducted  to  compare  the  time  and  cost  factors  involved  in  stress -enhanced  FBI  vs 
focused  eddy  current  inspection.  In  some  instances  stress-enhanced  FBI  may  be  more  suitable 
and  capable  than  other  inspections.  Also,  as  a  complementary  inspection  to  other  inspections 
such  as  eddy  current,  stress-enhanced  FBI  may  increase  reliability  of  the  overall  inspection 
and  decrease  the  time  involved  in  evaluating  false  indications. 

Kven  though  the  FBI  procedure  is  basically  the  same  for  manufacturing  and  overhaul 
inspection,  the  capabilities  may  vary  vastly.  The  main  reasons  for  lower  sensitivity  and 
reliability  of  overhaul  inspection  are:  111  poor  surface  condition  of  components  (nicks,  dings. 
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deep  scratchs,  etc.),  (2)  contaminants  such  as  carbonized  oils,  oxide  films,  corrosion,  and  paint 
on  the  surface  or  in  the  discontinuities,  (2)  abrasive  cleaning  procedures  used  to  clean  the 
parts,  (4)  compressive  stresses  on  the  surface  of  the  component,  (5)  poor  process-variable 
control,  and  (t»)  human  factors  like  variability  of  training,  experience,  and  job  interest. 

TECHNICAL  APPROACH 

The  objective  of  Phase  II  was  to  evaluate  and  optimize  FPI  process  variables  as  they 
relate  to  aircraft  engine  overhaul  facilities.  The  results  of  Phase  1  and  Phase  II  can  lead  to 
improvements  in  the  state-of-the-art  FP1  capability  of  these  facilities. 

The  first  task  in  Phase  II  investigation  was  to  define  and  identify  important  FPI  process 
variables  which  significantly  influence  sensitivity  and  reliability  of  FPI  in  aircraft  engine 
maintenance  facilities.  As  shown  previously  in  Figure  1.  this  task  was  accomplished  by  direct 
input  from  and  interface  with  such  facilities. 

The  second  task  of  this  phase  was  to  investigate  the  effects  of  various  process  variables 
on  FPI  capability  of  typical  aircraft  engine  maintenance  facilities.  The  goal  of  this  task  was  to 
develop  improvements  and  enhancement  which  may  be  utilized  in  aircraft  engine  maintenance 
facilities 

The  third  task  evaluated  the  results  of  Tasks  1  and  2.  These  tasks  were  critically 
examined  to  suggest  final  modifications,  improvements,  and  enhancement  techniques  to  the 
current  FPI  practices  of  typical  aircraft  engine  maintenance  facilities. 

The  final  task  of  Phase  II  was  to  conduct  a  demonstration  program  using  the  surface 
preparation  procedures  developed  in  Phase  I  and  optimum  process  variables  developed  during 
Phase  II.  The  inspection  of  specimens  was  done  in  an  engine  maintenance  inspection 
environment  at  the  P&WA/DPD  assembly  floor  FPi  facility. 

EXPERIMENTAL  METHODS  (PHASE  II) 

During  investigation  of  process  variables,  only  one  process  parameter  was  varied  at  a 
time,  all  othtrs  were  held  constant.  Before  any  inspections  were  performed  or. 
AFWAI. -furnished  specimens,  the  specimens  were  ultrasonically  cleaned  for  2  hr  to  remove 
any  foreign  material  and  residual  penetrant  materials  from  previous  inspections.  The 
Ti-OAMY  specimens  were  cleaned  using  methyl  ethyl  ketone  (MKK)  as  solvent,  but  the 
Inconel  7 IS  specimens  were  cleaned  in  trichloroethane.  After  cleaning,  the  specimens  were 
allowed  to  dry  before  the  penetrant  was  applied  directly  on  them  and  allowed  a  20  min  dwell 
unless  otherwise  determined.  During  emulsification,  the  specimens  were  immersed  in  a  beaker 
containing  hydrophilic  emulsifier  solution.  An  automatic  stirrer  was  used  to  provide  good 
agitation  of  emulsifier  around  the  specimens.  The  standard  emulsification  time  of  2  min  was 
generally  used  unless  this  time  was  deliberately  varied  to  investigate  this  parameter.  The 
specimens  were  washed  with  water  after  emulsification.  The  specimens  were  checked  under 
black  light  to  ensure  that  all  the  excess  penetrant  had  been  removed.  Kxcess  water  was 
removed  by  20  to  fit)  sec  application  of  dry  air  before  a  wet  soluble  developer  was  applied.  If 
dry  developer  was  used,  the  drying  operation  was  done  before  the  application  of  developer. 
After  developing  for  8  to  10  minutes  the  inspections  for  cracks  were  done  under  a  black  light. 
The  general  experimental  procedure  is  outlined  in  Figure  20.  FBI  process  variables  in¬ 
vestigated  in  Phase  II  are  summarized  in  Table  12. 
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FD  204175 


Figure  20.  Fluorescent  Penetrant  Inspection  Procedure 
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TABLE  IT  PHASE  II  —  KPi  PROCESS  VARIABLES 


Process  Variables 
Penetrant  Dwell  Time 

Pre- Emulsification  Wash 

Emulsifier  Dwell  Time 

Emulsifier  Concentration 

Developer  Type 

Wet  Developer  Concentration 

Developer  Dwell  Time 

Stress  Enhancement  Stress 


Values 

5  min,  15  min,  30  min,  45  min 
Wash.  No  Wtt»ii 

1  min,  1  min.  1 1  t  min,  2  min.  3  min 
15',  .  25'  ,  ,  XV,  ,  45', 

Wet,  Dry 

4  oz/gal,  8  oz/gal.  12  oz/gal 

5  min,  10  min,  20  min 

Less  than  30',  of  yield  (Reference  7) 


TEST  RESULTS  (PHASE  II) 

As  discussed  previously,  the  important  FPI  process  variables  chosen  for  Phase  II 
investigation  were  penetrant  dwell  time,  prewash  with  water  before  emulsification,  emulsifica¬ 
tion  time,  emulsifier  concentration,  developer  type,  and  development  time.  Penetrant  dwell 
times  of  5,  In,  30,  and  45  min  were  chosen  to  determine  optimum  dwell  time.  The  30-min 
penetrant  dwell  time  provided  best  sensitivity  without  any  potential  of  penetrant  removal 
problems.  The  results  of  penetrant  dwell  time  investigation  are  summarized  in  Tables  14  and 
15.  Prewash  or  prerinse  with  water  before  emulsification  did  not  result  in  any  increase  in 
sensitivity  of  flaw  detection,  but  did  reduce  emulsification  requirements.  A  prewash  is  also 
supposed  to  minimize  the  contamination  of  emulsifier  by  penetrant.  Emulsification  times  of 
1  1,  1 1  2,  and  4  min  were  used  to  determine  optimum  time  of  emulsification.  Tables  16  and 

17  summarize  the  effects  of  emulsification  time  on  FPI  of  Inconel  718  and  Ti-6A1-4V, 
respectively.  Emulsification  time  of  1 1  ■  to  2  min  gave  optimum  inspection  results.  Emulsifier 
(Magnaflux  ZR-IO)  concentration  was  varied  at  15.  25.  34,  and  45',  levels.  The  effects  of 
emulsification  concentration  on  FPI  capability  of  both  Inconel  718  and  Ti-6A1-4Y  are  sum¬ 
marized  in  Tables  18  and  19.  respectively.  A  33',  concentration  of  ZR-IO  emulsifier  appeared 
to  provide  hest  results.  Wet  and  dry  developers  were  evaluated  lor  their  effectiveness  on  FPI 
capability.  The  results  of  this  evaluation  are  summarized  in  Table  20.  Wet  soluble  developer 
provided  much  higher  sensitivity  and  less  background  fluorescence  compared  to  dry  developer. 
Wet  soluble  developer  concentration  was  varied  in  a  separate  investigation.  The  results  of  this 
experiment  are  summarized  in  Table  21  with  the  8  oz/gal  concentration  providing  the  hest 
combination  of  sensitivity  and  background  fluorescence.  Stress-enhancement  provided  much 
better  sensitivity  and  reliability  compared  to  standard  FPI.  Results  of  stress-enhanced  FPI  are 
summarized  in  Table  22.  Stress-enhancement  fixture  is  shown  in  Figure  21. 
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TABLE  14.  EFFECT  OF  PENETRANT  TABLE  15.  EFFECT  OF  PENETRANT 


TABLE  18.  EFFECT  OF  EMULSIFIER  TABLE  19.  EFFECT  OF  EMULSIFIER 


TABLE  20.  EFFECT  OF  WET  VS  DRY  DEVELOPER  USINO  INCONEL 
718  AND  TL6A1-4V 


Developer 

No.  of  Indications 

Comments 

ZP-4B  Dry  Developer 

Inconel  718 

3  Light 

1  Medium 

3  Bright 

3  No  Indication 

Too  much  background 

ZP-13A  Wet  Developer 

Inconel  7 IS 

6  Light 

1  Medium 

2  Bright 

1  No  Indication 

Minimal  background 

Titanium  (6A1-4V) 

ZP-4B  Dry  Developer 

Ti-6AI-4V 

4  Light 

0  Medium 

3  Bright 

4  No  Indication 

Too  much  background 

ZP-13A  Wet  Developer 

T1-6A1-4V 

7  Light 

1  Medium 

3  Bright 

0  No  Indication 

Minimal  background 

Total:  10  Cracked  Specimens 

Other  Parameters:  (M1L-I-25135C,  Group  VI  Penetrant  Materials) 
Penetrant  —  ZD-35  —  30  min 

Emulsifier  —  ZR-10  (Hydrophilic)  —  2  min 
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TABLE  21. 


EFFECT  OF  WET  DE¬ 
VELOPER  CONCENTRATION 
HSINO  INCONEL  718  AND 
TI-6AI-4V 


Concentration 
ZP-13A  4  oz/gal 
Inconel  718 


Ti-6A1-4V 


ZP-13A  8  oz/gal 
Inconel  718 


Ti-6A1-4V 


ZP-13A  12  oz/gal 
Inconel  718 


Ti-6AI-4V 


No.  of  Indications 

6  Light 
0  Medium 

1  Bright 

3  No  Indication 

2  Light 

1  Medium 

2  Bright 

8  No  Indication 


S  Light 
1  Medium 
1  Bright 

3  No  Indication 

5  Light 

1  Medium 

2  Bright 

3  No  Indication 


7  Light 
0  Medium 

1  Bright 

2  No  Indication* 

3  Light 

2  Medium 
2  Bright 

4  No  Indication 


Other  Parameters:  (MIL-I-25I350,  Group  VI  Penetrant 
Materials) 

Penetrant  —  ZI.-35  -  30  min 
Emulsifier  ZH-10  (Hydrophilic) 

“Excessive  Background 


i 

f 


i* 

f 


TABLE  22. 


EFFECT  OF  STRESS- 
ENHANCEMENT  ON  Fl’l 
CAPABILITY 


Material 
Inconel  718 


Ti-fiAl  4V 


No,  of  Indications 

3  Light 

2  Medium 
5  Bright 

8  Light 

4  Bright 
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SECTION  V 


DEMONSTRATION  PROGRAMS 


The  objective  of  this  portion  of  the  contract  was  to  develop  implementable  method 
improvements  for  overhaul  fluorescent  penetrant  inspection  of  turbine  engine  components. 
Phase  I  of  the  program  developed  surface  preparation  procedures,  and  Phase  11  optimized 
other  FPI  process  variables  for  improved  FPI  capability.  Three  demonstration  programs  were 
conducted  in  order  to  show  these  improvements.  FPI  for  these  demonstrations  was  done  on 
AFWAL-furnished  fatigue  crack  specimens  in  an  inspection  environment  representative  of 
engine  overhaul  FPI.  The  three  demonstration  programs  used  the  P&WA/CJPD  assembly  floor 
FPI  facility  for: 

1.  Baseline  demonstration  using  current  surface  preparation  and  FPI  pro¬ 
cedures  for  typical  Ti-6A1-4V  and  Inconel  718  rotating  components  of  gas 
turbine  engines.  Test  conditions  are  summarized  in  Table  28. 

2.  Demonstration  using  surface  preparation  procedures  developed  in  Phase  I 
of  this  program  for  these  materials  with  test  conditions  summarized  in 
Table  24. 

2.  Demonstration  using  FPI  process  variables  optimized  in  Phase  II  of  the 
program  with  the  test  conditions  summarized  in  Table  25. 

TABLE  28.  BASELINE  DEMONSTRATION  PARAME'I'ERS 


1.  Surface  Preparation  Procedures 
(On  contaminated  specimens) 
Inconel-718 


Ti-6AI-4V 

2.  Penetrant 
Group  VI* 

Magnaflux  ZL-.IO 
It.  Emulsifier 
Group  VI 

Magnaflux  ZE-4A  lipophilic  emulsifier 

4.  Rinse  in  water 

5.  Dry  in  hoi  oven 

6.  Dry  Developer 
Group  VI 
Magnaflux  ZP-4B 


Vapor  degrease,  carbon  remover  soak  (PC-Ill)  at  ISO  to  14()°K  if>4 
to  60°C)  and  hot  water  rinse  (two  times),  light  vapor  blast,  vapor 
degrease  (Reference  8) 

Soak  specimens  in  alkaline  rust  remover  at  180  to  190°K  (82  to  88°('l 
for  5  min,  light  vapor  blast  (Reference  9) 

20  min  dwell 


1 1 .’  min  dwell 


8  to  10  min  dwell 


*  All  group  classifications  to  MIR- 1 -25 1950 
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TABLE  24.  PHASE  1  DEMONSTRATION  PARAMETERS 


1.  Surface  Preparation  I  Procedures 

Inconel  718 
Ti -6A1-4V 

2.  Penetrant 
( i roup  VI* 

Magnaflux  Zl,  80 

8.  Emulsifier 
Group  VI 

Magnaflux  ZK-4A  lipophilic  emulsifier 
4.  Rinse  in  water 
ft.  l)r\  in  hot  oven 
8.  Dry  Developer 
(■roup  VI 
Magnaflux  ZP-4B 


Vapor  blasting  and  etching  with  No.  OB  etch  at  180°F  for  1  min 
Vapor  blasting  and  etching  with  nitric-hydrofluoric  etch  at  room 
temperature  for  8  min 
80  min  dwell 


1 1 min  dwell 


8  to  10  min  dwell 


*A11  group  classifications  to  MU, -I  25I85C 


TABLK  *2fi.  PH  ASK,  11  DKMONSTRATION  PARAMK 
TERS 


I  1‘enelrnnl 
(’■roup  VI* 

Mitgmiflux  Zl.  .10 
J  Kmulsifier 
(I roup  VI 

CiU1.  concentration 
Magnaflux  ZKIOA 
hydrophilic  emulsifier ) 
:i.  Kinse  in  water 

1  Wrt  Developer 

('■roup  VI 
8  or/gal  (14.09  g/t  I 
Magnaflux  ZP  CIA 
r>.  Dry  in  hot  oven 


:10  min  dwell 


2  min  dwell 


8  to  10  mill  dwell 


*  All  group  classifications  to  MU.  I  2r>i:ir>C 


Note:  Specimens  were  etched  for  Phase  I  demonstration.  Phase  II 
demonstration  was  conducted  after  Phase  I  demonstration. 


BASELINE  DEMONSTRATION 

All  of  the  AFVVAI,  specimens  were  subjected  to  engine  simulated  environment  and  then 
were  subjected  to  state-of-the-art  cleaning  and  inspection  procedures  currently  being  used  in 
HSAF/AI.C  (Table  29.  References  8  and  9). 

Baseline  demonstration  inspections  resulted  in  too  much  background  fluorescence  and 
high  incidence  of  false  or  error  calls  (detecting  a  crack  where  there  is  really  no  crack).  The 
number  of  true  indications  found  by  assembly  floor  inspectors  for  Inconel  718  and  Ti-tiAl-lV 
specimens  are  summarized  in  Tables  26  and  27,  respectively.  The  specimens  were  then 
inspected  by  ME&T/NDE  at  known  flaw  locations  (Tables  28  and  29),  so  that  the  capability  of 
the  baseline  demonstration  could  be  compared  with  Phase  1  and  Phase  II  demonstrations.  'Phis 
was  very  important  since  most  of  the  flaws  in  the  AFVVAI, -furnished  specimens  were  difficult 
to  detect  after  going  through  engine  environment  contamination,  state-of-the-art  cleaning 
procedures,  and  FP!  in  overhaul  inspection  environment. 


42 


TABLE  28.  BASELINE  FBI  DEMONSTRATION 
(INCONEL  718)  P&WA/ ASSEMBLY 
FLOOR  INSPECTION  RESl  LI'S 


Specimen  No. 

True  Indication  Intensity 

34 

No  Indication 

91 

No  Indication 

52 

No  Indication 

15 

No  Indication 

38 

No  Indication 

43 

No  Indication 

74 

No  Indication 

102 

No  Indication 

16 

No  Indication 

79 

Light 

TABLE  27. 

BASELINE  FPI  DEMONSTRATION 
( T  i  -  6  A 1  -  4  V )  P&W  A/ASSEMBLY 
FLOOR  INSPECTION  RESULTS 

Specimen  No  True  Indication  Intensity 

27 

No  Indication 

53 

Bright 

40 

Bright 

11 

No  Indication 

23 

No  Indication 

64 

No  Indication 

79 

No  Indication 

24 

No  Indication 

33 

No  Indication 

62 

No  Indication 

TABLE  28.  BASELINE  FPl  DEMONSTRATION 
(INCONEL  718)  P&WA/ME&T/NDE 
RESULTS 


Specimen  No. 

True  Indication  Intensity 

34 

No  Indication 

91 

No  Indication 

52 

No  Indication 

15 

No  Indication 

38 

No  Indication 

43 

No  Indication 

74 

No  Indication 

102 

No  Indication 

16 

Bright 

79 

Bright 

43 


PHASE  I  (SURFACE  PREPARATION)  DEMONSTRATION 


All  the  Inconel  718  specimens  were  etched  with  No.  9B  etch  at  12()°F  for  2  min  while 
Ti-t)AI-4Y  specimens  were  etched  with  nitric-hydrofluoric  etch  at  room  temperature  for  9  min. 
The  FBI  process  variables  for  this  demonstration  were  those  used  in  the  baseline  demonstra¬ 
tion  inspection.  The  Phase  I  demonstration  had  less  background  fluorescence  and  fewer  false 
indications  compared  to  the  baseline  demonstration,  but  assembly  floor  inspection  results  were 
comparable  to  baseline  inspections  regarding  the  number  of  true  indications.  There  were  no 
true  indications  found  by  assembly  floor  inspectors  on  Inconel  718  specimens,  but  laboratory 
inspections  of  actual  crack  locations  did  show  improved  FPI  capability  as  a  result  of  etch 
procedures.  Laboratory  inspections  revealed  six  true  indications  for  Inconel  718  compared  to 
only  two  true  indications  seen  luring  the  baseline  demonstration  (Tables  28  and  82).  For 
Ti-tlAl-4V,  nine  true  indications  were  found  compared  to  only  two  true  indications  seen  during 
the  baseline  demonstration  (Tables  29  and  29). 


TABLE  29.  BASELINE  FPI  DEMONSTRATION 
(Ti-6A1-4V)  P&WA/ME&T/NDE  RE¬ 
SULTS 


Specimen  No. 

True  Indication  Intensity 

27 

No  Indication 

53 

Bright 

40 

Bright 

11 

No  Indication 

23 

No  Indication 

64 

No  Indication 

79 

No  Indication 

24 

No  Indication 

33 

No  Indication 

62 

No  Indication 

TABLE  90. 

PHASE  I  DEMONSTRATION  (IN¬ 
CONEL  718)  P&WA/ASSEMBLY 
FLOOR  INSPECTION  RESULTS 

Specimen  No.  True  Indication  Intensity 

34 

No  Indication 

91 

No  Indication 

52 

No  Indication 

15 

No  Indication 

38 

No  Indication 

43 

No  Indication 

74 

No  Indication 

102 

No  Indication 

16 

No  Indication 

79 

No  Indication 

*  Background 

fluorescence  less  than  in  baseline 

demonstration 

TABLE  31.  PHASE  I  DEMONSTRATION 
(Ti-6Al-4  V  >  P&W  A/ASSEMBLY 
FLOOR  INSPECTION  RESULTS 


Specimen  No. 

True  Indication  Brightness * 

27 

No  Indication 

53 

Bright 

40 

Bright 

11 

No  Indication 

23 

No  Indication 

64 

No  Indication 

79 

No  Indication 

24 

No  Indication 

33 

No  Indication 

62 

No  Indication 

•Background  fluorescence  less  than  in  baseline  demonstration. 

TABLE  32. 

PHASE  I  DEMONSTRATION  (IN¬ 
CONEL  718)  ME&T/NDE  RESULTS 

Specimen  No. 

True  Indication  Brightness * 

34 

No  Indication 

91 

Medium 

52 

No  Indication 

15 

Light 

38 

Light 

43 

No  Indication 

74 

No  Indication 

102 

Light 

16 

Bright 

79 

Bright 

TABLE  33. 

PHASE  1  DEMONSTRATION 
(Ti-6A1-4V)  ME&T/NDE  RESULTS 

Specimen  No. 

True  Indication  ftrightncss 

27 

Medium 

53 

Bright 

40 

Bright 

11 

Light 

23 

Light 

64 

Light 

79 

Light 

24 

Light 

33 

No  Indication 

62 

Medium 

PHASE  li  (FPI  PROCESS  VARIABLES)  DEMONSTRATION 


All  fatigue  crack  specimens  (already  etched  in  Phase  I)  were  inspected  using  the  modified 
FPI  procedures  outlined  in  Table  25.  Phase  II  demonstration  had  the  least  background 
fluorescence  and  highest  sensitivity  and  resolution.  More  true  indications  were  found  using 
assembly  floor  inspection  when  (two  for  Inconel  718  and  three  for  Ti-6A1-4V)  compared  to 
those  of  the  baseline  and  Phase  I  demonstration  ('Fables  84  and  85).  ME&T/NDI  laboratory 
investigations  revealed  more  true  indications  for  Inconel  718  compared  to  the  baseline  and 
Phase  I  demonstration  (Table  86),  but  for  Ti-6A1-4V  the  number  of  true  indications  found  by 
laboratory  evaluation  (Table  37)  was  less  than  the  number  found  during  the  Phase  I 
demonstration.  This  may  be  due  to  possibility  of  over-washing  during  the  Phase  II  demonstra¬ 
tion  on  Ti-6AI-4V  specimens. 


TABLE  34.  PHASE  II  FPI  DEMONSTRATION 
(INCONEL  718)  P&WA/ASSEMBLY 
FLOOR  INSPECTION  RESULTS 


Specimen  No. 

True  Indication  Intensity 

34 

No  Indication 

91 

No  Indication 

52 

Light 

15 

No  Indication 

38 

No  Indication 

43 

No  Indication 

74 

No  Indication 

102 

No  Indication 

16 

No  Indication 

79 

Medium 

TABLE  35. 

PHASE  II  FPI  DEMONSTRATION 
(Ti-6A1-4V)  P&WA/ASSEMBLY 
FLOOR  INSPECTION  RESULTS 

Specimen  No.  True  Indication  Intensity 

27 

Bright 

53 

Bright 

40 

Bright,  Light 

11 

No  Indication 

23 

No  Indication 

64 

No  Indication 

79 

No  Indication 

24 

No  Indication 

33 

No  Indication 

62 

No  Indication 
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TABLE  86.  PHASE  II  FPI  DEMONST  RATION 
(INCONEL  718)  P&WA/ME&T/NDE 
RESULTS 


Specimen  No. 

True  Indication  Intensity 

34 

No  Indication 

91 

Medium 

52 

Light 

15 

Light 

38 

Light 

43 

Light 

74 

No  Indication 

102 

No  Indication 

16 

Light 

79 

Bright 

TABLE  87. 

PHASE  II 

FPI  DEMONSTRATION 

(Ti-6AI-4V) 

SlILTS 

P&WA/ME&T/NDE  RE- 

Specimen  No. 

True  Indication  Intensity 

27 

Bright 

53 

Bright 

40 

Bright,  Light 

11 

No  Indication 

23 

Light 

64 

No  Indication 

79 

No  Indication 

24 

No  Indication 

33 

No  Indication 

62 

Light 

FPI  capability  of  the  three  demonstrations  has  been  summarized  in  Tahles  88  and  89. 
Background  fluorescence  and  number  of  false  indications  decreased,  going  from  baseline  to 
Phase  I  to  Phase  II  demonstrations.  Similar  results  were  obtained  on  AFWAL  specimens,  some 
P&WA-supplied  titanium  fatigue  crack  specimens  and  Inconel  718  coupon  samples  in  the 
laboratory  before  actual  demonstrations  were  conducted  using  the  P&WA/GPI)  assembly  floor 
FPI  facility. 


TABLE  88.  FPI  DEMONSTRATION  RESULTS  ON  INCONEL  718 


True  Indications  Found 

Total  Number  of 


Demonstration 

Bright 

Medium 

Light 

True  Indications 

No  Indication 

Baseline  (PL*) 

0 

0 

1 

i 

9 

Baseline  (LAB**) 

2 

0 

0 

2 

H 

Phase  I  (PL) 

0 

0 

0 

0 

10 

Phase  I  (LAB) 

2 

1 

3 

6 

4 

Phase  II  (PL) 

0 

1 

1 

2 

8 

Phase  II  (LAB) 

1 

1 

5 

7 

*PL:  Assembly  Floor  Production  Line  Inspection 

**LAB:  MK&T  Laboratory  Verification 
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TABLE  :19.  FBI  RESULTS  FOR  Ti-6A1-4V 


Demonstration 

True  Indications  Found 

No  Indication 

Bright 

Medium 

Light 

Total  Number  of 
True  Indications 

Baseline  (PL*) 

2 

0 

0 

2 

8 

Baseline  (LAB**) 

2 

0 

0 

2 

8 

Phase  l  (PL) 

2 

0 

0 

2 

8 

Phase  I  (LAB) 

2 

2 

5 

9 

1 

Phase  II  (PL) 

3 

0 

0 

3 

7 

Phase  II  (LAB) 

3 

0 

2 

5 

5 

*PI,:  Assembly  Floor  Production  I, me  Inspection 
•*l, AH:  ME&T  Laboratory  Verification _ 
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SECTION  VI 


CONCLUSIONS 


Phase  I  of  (he  program  provided  for  the  definition,  evaluation,  and  optimization  of 
surface  preparation  procedures  for  FPI  of  Ti-6A1-4V  and  Inconel  718  in  an  engine  overhaul 
inspection  environment.  This  phase  included  an  investigation  of  the  effects  of  surface  prepara¬ 
tion  procedures  on  subsequent  Fl’1  capability  as  well  as  initial  assessments  of  the  effects  of 
these  procedures  on  the  structural  integrity  of  engine  components,  resulting  in  the  following 
important  observations: 

1.  Surface  preparation  procedures  vary  greatly  between  different  overhaul 
facilities. 

2.  Aircraft  engine  operating  environment  causes  significant  reduction  in 
capability  of  overhaul  Fluorescent  Penetrant  Inspection  (FPI). 

:i.  Some  current  surface  preparation  procedures  of  engine  components  prior 
to  FPI  in  an  overhaul  facility  are  inadequate  and  can  degrade  overhaul 
FPI  capability. 

4.  Some  current  chemical  cleaning  procedures  cause  selective  etching  of 
engine  components  and  may  adversely  affect  structural  integrity  of  these 
components. 

5.  Suitable  chem-milling  processes  have  been  developed  for  Inconel  718  and 
Ti-6AI-4V  alloys.  Limited  testing  results  indicate  no  degradation  in  me¬ 
chanical  properties  due  to  the  use  of  these  etches. 

6.  Surface  preparation  procedures  should  be  investigated  in  detail  for  their 
effects  on  mechanical  properties. 

7.  Chem-mill  etches  increase  FPI  capability  on  surfaces  subjected  to  abrasive 
mechanical  processes  such  as  grit  blasting. 

Phase  II  provided  for  evaluation  and  optimization  of  FPI  process  variables  other  than 
surface  preparation  procedures.  Penetrant  dwell  time,  emulsifier  (hydrophilic)  concentration, 
emulsification  time,  type  of  developer,  etc.,  were  chosen  as  significant  process  variables, 
resulting  in  the  following  important  observations. 

1.  Penetrant  dwell  time  of  '1(1  min  for  (lroup  VI  MIL-I-2f>i:tr>('  (Magnaflux 
ZL-;tf>)  provided  optimum  sensitivity. 

2.  A  'X\'f  concentration  of  (lroup  VI  MIL  1-251  HoC  (Magnaflux  ZR-10) 
emulsifier  with  2-min  emulsification  dwell  provided  optimum  conditions 
for  excess  penetrant  removal. 

2.  Wet  soluble  developer  provided  much  better  sensitivity  and  reliability 
compared  to  a  dry  developer. 

4.  Stress-enhanced  FPI  resulted  in  much  higher  sensitivity  and  reliability 
compared  to  standard  FPI. 

Note:  These  observations  were  made  for  detection  of  small  fatigue  cracks  initiated  in  smooth,  flat  s|iecimens 
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